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AN ANALYTICAL METHOD OF ESTIMATING TURBINE PERFORMANCE
By Fred D. Kochendorfer and J. Cary Nettles

SUMMARY

A method is devel oped by which t he performance of a turbine
over & range of operating condlitione can be analytically estimated
from the bl ade angles and flow areas. In order to use the nethod,
certain coefficlentas thatdetermine t he weightf| ow and friction
logges muat be approximated.

The nethod is used to ealculate t he performance of the single-
atage turbine of a commercial ailrcraft gas-turblne engine and the
calculated performance is compared with t he performance indicated
by experimental data. For the turbine of the typical example, the
assumed Ppressure losses and turning angles give 8 caloulated per-
formance that represents t he trendes of t he experimental performance
W t h reasonable accuracy. The exact agreement between analytical
performance and experlimentel performsnce is contingent upon the
proper selection of the blading-loss parameter. A variationm of
blading~-loss parameter from 0.3 to 0.5 includes most of t he
experimental data from the turbine iInveatlgated.

INTRODUCTIOR

The analytical determinatlion of the performence of 8 gas-
turbi ne engine under various operati ng conditions or the prediction
of engine performance at other-than-deslgn conditions reguires a
knowledge of the complete performence of each of the engine cam
ponents, especlally of the compressor and the turbine (refer-
ences 1 and 2). Knowledge of the component performance charac-
teristles that can be obtai ned from jet-propulsion-englne investi-
gations is necessarlily |inited and doe8 not, in general, provide
a solution to the problem of component matching. A performance
test of a compresaor or aturbine88 8 single unit provides gl |
t he necessary | nfornmati on, but such testing of high-speed, hi gh-
capaclity units requires costly auxiliary equipment. An analysis
that can be umsed either with or without englne data to esatimate
compreasor and turbi ne performance woul d be val uabl e.
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An analytical method for estimating turbine perfornance from
t he bl ade angl e8 and fl ow areas was t herefore devel oped at the NACA
Lewls | aboratory and is descri bed herein.

The most important prerequisite for application of this
analysis 18 8 knowledge of the blade angles and pressure losses of
the turbine blade8 and of the variations of these quantities with
changes in angl e of incidence and i n entrance Mach nunber. Refer-
ences 3, to' 5 present turning angles and losses of typical turbine
bledes, but their results cannot be generalized to the extent
required to obtain the performance of 8 given blade profile. For
t he purpose of the turbi ne analysis, the turni ng angles and losses
and their varlations with entrance conditions are therefore assumed,
t he agsumptions being conslstent with t he information ill refer-
ences 3 t0 5. The pexrformance of 8 turbine of a commercial air-
craft gas-turbine engi ne is determ ned by means of the analytical
method and the results are compared with experimental data.

SYMBOLS

The foll owi ng symbols and abbreviation8 are used in thilas
analysie:

A aree. perpendicular to velocity, (sq ft)

8,b blading-loss functions

C discharge coefficient

D pltch-1line di ameter of turbine, (ft)

g acceleration of gravity, 32.2 (f£t/sec?) .
hp horaepower

1 angle of incidence (angl e between direction of approaching
fluid and tengent to camberline), (deg)

K blading-loss parametex

P t ot 81 preasure, (1b/sq £t)
P static preasure, (1b/sq ft)
R gas constant, 53.3 (£t-1b/(°F)(1b))
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Ty

To

s < d

inlet wooity ratio, EU/(VS,S sin “f,s)]
outl et velocity ratio, [U/(vs,r gin op)]
total tenperature, (°R),

sbatic tenperature, (OR)

rotor-pitch-line W ooity, (ft/sec)

fluid velocity, (£t/sec)

weight flow, (1b/sec)

N

2 233
7 7
pressure-ratio functiom, |(p/P) - (p/P)
Jet-deflectlion paraneter8

stator-blade exit angle at pitch | i ne measured from axial
plane, (deg)

angl e between fluid wl ooity relative to rotor and axial
Plane at inlet to rotor, (deg)

angle between fluld absolute W ooity and axial pl ane at
exit from stator, (deg)

rotor-bl ade entrance angle at pltch line measured from axial
plane, (deg)
ratio of apecific heats
[ ]

ratio of absolute totel pressure to static pressure O
NACA standeard atmosphere at sea level

rati o of absolute total temperature to static temperature
of NACA standard atmosphere at sea level

angl e between £luid absolute w 0oity and axial pl ane at
exit fromturbine, (deg)

adiabatic efficlency

angl e of jet deflection, (deg)
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P mass density, (slugs/ocu f%)

c rotor-blade exit angle at pitch line measured from axial
plane, (deg)

Op angle between fluid veloecity relative to rotor and axial
Plene at exit from rotor, (deg)

Subscripts:
8 bef or e cascade
b at entrance t o0 cascade

C after cascade

r with respect to rotor

8 with respect t o stator

0 embient (NACA standard atmosphere at 888 level)
1l gtator inlet at pitoch line

2 stator throat at pitch line

3 stator outlet at pitch |ine

4 rotor inlet at pitch |ine

5 rot or throat at pitech |ine

6 rotor outlet at pitch line

ANALYSIS
St at ement of Problem

The quantities commonly enpl oyed to define the performance of
a turbine and the independent or operating variables are a8 followa:

1201
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Performance variables Operating variables
Tot al - pressur e ratio, Py /Pg Inlet total pressure, Pj
Totel-temperature ratio, T;/Tg  Inlet total tenperature, Ty
Weight flow, W Rotor-pitch-line velocity, U
Horsepower, hp Outlet statio‘pressure s Pg

Adi abatic efficiency, ngg

By means of dimensional analyses or by 8 net hod similar to that

used in the analysis which follows, it ecan be shown that the four

operating variable8 can be reduced to two operating parameters. The

performence and operating paraneter8 would then be a8 follows:

Per f or mance paremeters Oper at i ng parameters
Total-pressure ratlo, Pl,s/PS, 8 Turbine pressure ratio,
(based on axial |eaving vel ocity) P1,s/Pg

Total -tenperature ratio, Tl,s/TG,e Rotor-pitch-linevel ocity,
U/—\[ 0
Wolght flow, WGy o/61 o 1,8

Hor sepower hp/(—v 61,851, &)
Adlebatioc efficiency, fMgg

The objectof this analysis 1s to determine the val ue of each
of the performance parameters for given values of the two oper-
ati ng parameters.

Qutline of Method
For the purpose of the analysis, the turbine pressure
ratio Pl s/ps cannot be used directly because it is a product of
t he mterdependent pressure ratios Py B/Ps s Pz, s/?3> p3/P4,r,
Py, r/Ps rs» end Pg »/Pgs; Wwhich cennot be determined for 8 gi ven
val ue of Pl__g/Pg- If instead, val ue8 are chosen for Ps B/p3
and U/+6, 5, and if the pressure losses and turning angl e8 are
b
known Or assumed, 8 step-by-step process c-an be enpl oyed in which
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t he successive pressures, temperatures, and velccitles can be cal-
culated from the principles of fluid mechanics. After the pres-
sures, temperatures, and velocitlea at the turbine outlet bhave been
obtained, t he performance paraneter8 and 8180 Pl,s/PS oan be
computed; t he performance parameterscan then be plotted 80

functions of Pl,s/PS and 0/4’91’5.

L201

Agsumptions

Blading losses. - The loss in total pressure that occurs
during passage of fluid through a cascade of bl ade8 may, for
oonvenlence ( analysis, be separated into two losses:t he entry
loss caused by other-than-zero entrance angle and the friction
1088 that results from t he actual passage through the cascade.

The entry 1088 can be approximated (fig. 1) by resolving the
entering veloelty into components normal and parallel to the blade~
entrance direction and by t hen assuming that t he normal component
18 lost; that 18, W, = Vg cos 1. This approximetion gives entry
losses that are independent of the slgmn of the angle of incldence.
The losses fOr positive angles are actual |y greater than for
corresponding negati ve angles, but for blading having 8 solldity
greater than 1.5 the error 1s probably not too | arge. For blades
having aolidities less than 1.0, however, 8 better approximation
m ght be obtained by assuming t he normal component to be lost for
positi ve angles of incidence and no entry losses t o occur for

negati ve angles.
The friction lose can be approximated by

AP1oss = &(%il K@' P 79

where K is constant f or a particular cascade and %p V2 18
t he average dynamic head of the fluid in t he cascade. This
expression for 1088 (appendi x A) can be rewrltten as follows:

For the stator

1
P3,B = P1,5 "b-:; (1)
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For the rotor

Pe,r = Pa,r % (2)
wher e
1 2L
a=1l-K (%)7 1 - (g) 7
and :
1 )
bsl+K(%)7 1-(%)7

A plot of a and b as Punctions O the pressure ratio p/P for
varicus val ues of K when y equals 1.34 is given in figure 2.

O her losses such 88 bl ade-ti p and separation losses should
be snal | for well-designed turbines operati ng reasonably close to
design conditionms and therefore will benegl ected in this analysis.

Turning angles. - The angle through which 8 f|luid is turned en
passing through 8 given cascade depend8 on the angle of incidence,
the blade exlit angle, and the entrance Mach number. For blading
having a solidity of 1.5 or greater, +the. turning angle 80 varies
with the angl e of inecidence that the fluid exit angl e remains
epproximately equal to the blade exit angle. The effect of
entrance Mach nunber cmthe exlt angle is small unless sonic
velocity existe at the blade throat. |In thie case, the jet of
flui d passes t he trailing edge of the bl ade at a somlic or super-
sonic velocity and, if the pressure in the region beyond the
cagscade 1isnot equal to the pressure at the bl ade throat, the jet
will deflect. The angle of deflection will depend on the pressure
rati o in accordance with the Prandtl-Meyer theory. (See, for
exanpl e, reference 6.) Although a deflection may actual |y occur
at both the upper and lower trailing edges and the flow configure-
tion nmay be quite complex, it will be assumed for simplicity that
t he mean deflection 1s given by the Prandtl-Meyer theory. The
angl e of jet deflection 88 8 funetlon of the ratio of static-to-
total pressure in the reglon beyond the tralling edge of the blade
for sonlc throat velocity is calculated from t he relatioms In
appendix B and is plotted in figure 3. It will therefore be
agsumed that the angle at which thef|uid leaves the bl ade is equal
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to the difference between the gecmetrical angle at the pitch line of
the trailing edge of the blade and the angle of jet deflection given

by the Prandtl-Meyer theory.

Baslc Equations

The basic equationsto be used can be derived from the defini-
tion of total pressure
.

(y-1) v2|7"t
P = P 1+ 27SBt ] (3)
the definition of total temperature
T:ttla,%;—én)tlz (4)
t he equation of state
P = pgRt (5)

and the prineciple of comservation of energy, which can be stated a8

follows: Wien heat is neither added nor renpved and when the
wWooity te referred to a set of coordinates that now at the
w ooity of the blade row, the total temperature remains comstant

from point to point, whereas t he total pressure varies | n accordance
Wth viscous losses.

Equation8 (3) and (4) can be rewitten 88

7-1
oo - G2 (®)

£t e [} - 1%;%%513 (7)
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.. -The weight flow at &Y point is W = CgeAV and fram equa-
tionse (5) to (7)

y=1
smds—r o & ()
27gRT 1
Also from equation (6)
y-1
ve.Z2z88q |1 (B)7 (&)
80 that
= 3
w-:CA-%(i 7 EgiE 1-(1’-)7
or

v-or () - (@) ®

Turbine Analysis

The analysis is made for 8 single-stage partial-reaction t urbine
having cne set of stator bledes and one set of rotor blades, each

of the bl ade sets forming 8 serles O convergent nozzles. A
schematic diagram of the turbine is shown in figure 4 and t he
velocity diagraminm figure 5. An impulse turbine or 8 turbine having
bl ade sections t hat form convergent-divergent nozzles can bhe con-
sidered by making slight alteratioms to the nethod.

The quantities obtained from the gecmetry of the turbime jre:
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Area of stator throat, A2
Area of rotor throat, Ag
Pitch-line di ameter of turbine, D
St at or - bl ade exit angle, a
Rot or - bl ade emtrance angle, 8
Rot or - bl ade exit angle, o
The quantities that must in general be assumed are:
Discharge coefficlent, C
Blading-loss parameter, K
Rati o of specific heats, y

Stator. - Wen a value for ps/Pz g ie assumed, then bz can

be obtatned fromfigure 2 and hence pz/Py g can be cal cul ated
from equation (1),

Pz Pz 1

P1,s Fz,8 b3

The weight of ' ges fl owi ng t hrough the stator from equation (9)

P
2 2,8
W=2CAap drﬁﬁ—(‘l‘_xz (20)
2,8

1s

wher e

o=

x-|@) - @)

In figure 6 X is shown as a function of p/P for two values of vy.
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11
iy A
( )7-1 the stator 1s chokedand =2 (2)7_1
e 8 8 chokedan = | —
P3 s r+1 ’ 1’2,5 7+l
Inasmuch as Pl g = P2 gbz and Tl g = To ,8? the weight-flow
par anet er from eq_uation (10) becomes
a2 -
w_sel,s - CAgPg / 7 7'1 ( 7'1
1l,s ’TO by ‘, 7+r-| r+l
Z_
3 A
Ir E> (}E ., then Pz o = Py g and Pz = Pg- Then
2
P1,8 = P2,8, b2 = P35, and Pz, Ti,s = T3,s = T3,g) and the
wei ght -fl ow pearemeter 1is
WVe1,s _CA2Po 2
_51’5' B T‘)_E%_ﬁ X3 (12)

To b3

The vel ocity leaving the stator, fram equation (8), 1a given
by

1
-] E
LTI e 77 s \Y’
——— -
= To ) 1 7, (13)
V1,3 2

The deflection of the jet vz as it |eaves the stator can be

obt ai ned from figure 3 for P3/P3,s' The angle at whichthe jet
| eaves t he stator is then % g =a- Vz.

Rotor. - A val ue ig assumed for U/ 61,5 &nd
. U/'\[elJB
1 =
Vs,s/'\l 61,s Bin Cp g

(15)
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From the velocity diagram of fignre S
VS)rz = [(73}5 aln afjﬂ - U)z + (Ts,' coa arls)ﬂ. " (vsps ein qr,’)z [0“2 Ur”+(l'1'1)21 (16)
and

tem F‘U'saina.m-v
% Vs cos

ek tan ap o (1-r;) (17)

Acoording to t he aspumption on entry lossea,
Vi,» = V3,p 008 (2p . - B)

With equation (16) and t he expanded form of cos ("r,r - B), this equation beoomes
1

2
Va,r = V3, 8in op g antz dp,g + (l-ri)zJ (cos a f,r ©08 B+ sin cp , sin B)

or

o=

V‘!’r = Ts,s ain ar. s [wtz ap g + (l-v:t',.)z]I uogqf,r(coa g + tap ur’rnin B)

Alsgo

(o]
9TIBI "ON Wi VOVN

L20T
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8o that finally by use of equation (17)

v, Vz
TT S 1Y I % g I:oos B + (1-ry) tan ag g Sin 4_ (18)

/Vel: 5 /\Jel:

In order to find the totaltenperature with respect to the
rotor, equation (4) is used, which gives

2
(7-1) V3.8
Tl,s = Ts,s = {3 4+ T‘R’
and
2
- % (y-1) V5 ,»
3,1‘ 3 + 2783
Therefore

(7-1) (73,32 - vs,rz)

Ts,r = Tl,s l -

278RTy g
and with equations (16) and (15}
Tz -1 U2
T A (19)
Tl,s

Equations (3) and (4) are used to £ind the total pressure at
the entrance to the rotor with respeect to the rotor, which give

—
~ -1
(7-1) Vg " nm

P4,r = pg |1+ zyem;il

C2
& (7-1) Vg4
4= Top - ———=

27gR
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Then, because Pg = P3 and T4,r = TS,r

> 2
r-1

23 ALY ¢ NT1,e ¥ (7-1)
g =11 tyeR (20)
&r MTl,s NTs,r 4

The weight-flow parameter at the rotor throat can be written as

w'{951' WA{G_—,_B )(TSr) Pi,a Pz Pyq,»
T
l’

5 r Tz, P3 PL, Ps,r

where fram equation (9)

Therefore, because Ty , = Tg n,

m\lsls( ﬁ)Pl Pz P,Lr

P P
2
M—.IT C Ag ly—li R
o

The only uwnknown quantity cmthe right-hand eide of equa-
tion (21) 1s the preeeure-lose term P4’r/P5’r but in orderto

determine this term from t he lose equation

Xs-

Par _DBs
P5,r a4

bg nmust be known. The concept bg 1s a function of PS/PS,r and
hence of x5. A trial-and-error process must t herefore be used.

1027
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A val ue of Ps/PS,r such t hat

1
23 5 755 2( 2
P4,r Ps,r 7+l

can be chosen as a first approximation. Then bg, Pé,r/Ps,r’ X5,
and finally ps/Ps y can be obtained. Fram this second epproxima-

tion, a second value of bg ocan be obtained and the process

repeated. Convergence is rapid and the second approximation will
usual |y be sufficlently accursate.

The maxi num val ue that X5 can have |s
N 1
2 7+1 2

2\t [ 2\”?
7+l) T\l

end if the value of X5 from equation (21) is greater them the
maxi mum cme of the originel assumptions (that is, P3/Pz,g or

U/ \fé1,g) nust have been inadmissable.

If the rotor is not choked, the static pressure in the
annulus following the rotor pg is equal to the static pressure

at the rotor throat pge When the rotor is choked, pg can be
| ess then pg and consequently pg/Pg r cen be |ess
then pg/P5,r. In this case a value cen be assumed for pg/Pg

and bg, can be obtained from figure 2. This procedure can be
summarized 8s fol | ows:

For -]2=
2 i3
2Vt (2\?
s 7+l 7+l
Pg Pg

Ps,r PS,I‘
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and
bg = b3
For i
2 r+l 2
% = [(2Y*r . (2y?
57 [l y+1
_Ps c Ps
'6p Ps,r
and
bg = by

The veloclty leaving the rotor with respect to the rotor is given
by 1

=10
Yer I\fzmm" 1 -Q——psxy (22)
1
93,1- L4 o 6’.

inasmuch as ‘1‘6,1. = '1'3’1.

The jet deflection at the rotor outlet Vg is obtained from
figure 3 for pg/Pg g- The angle at which the fluid |eaves the

rotor is then

Q. =C -9 (23)

b ¢ 1

Fromfigure 5 the absolute vel ooity downatream of the rotor is

2. 2
Vs,s = ’q("s,r sin Gp - U)° '+ (Vs,rcos cf)
or 1~

Vs,s = Ve,r 8in Op cot® Op + (1’1'0)2]2 (2¢)
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wher e

v/ 4!91,5

Ty = {25 )

Ts,r/‘\lel,s sin Op

The ebaolute exit angle 8 camn be obtai ned from

Vg,r 8ln Gp - U
1 6' X- 008 of

tan @ =

or

tan @ = tan gp (I-5s) (28)

The total tenperature downstream of the rotor can be obtai ned
by using equation (4) to give

or

TS,& = T.'a,r = 27gR

Then from eguations (24) and (25)

Ts,s _y-h) U2(2-r(>)
T—SJ’; = ] 273“5,:- To (27)

Because, i n general, the tangentlal component of t he velocity
leaving the r ot or cannot be converted into useful thrust, the total
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pressur e downstream should be calculated from the axial compoment

of the exit veloclty; that is

, |
2| 7-
Pe o by (7-1)(Vg, 5 cos Oe)
Ps 278Rtg i
or, because
e LYD) Ve,rf
6 3,1' = 2783
-~ v A
< v 2 "
8,r -1
S ) -1
L 2
PGJB - TES 78R
Pg 2
1 - vs,r 7-1
P 27eR
R 3,r —
Performance parameters. - The fluid velocity, ths pressure,

the temperature at any point in the turbine are now known.

The

(28)

and

t ur bi ne performance can be eval uated by cambining t hese quantities
to form the follow ng paraneters:

Te,s _Pe

The ratio of total

T8

'1'1,5

or, with equations (27) and (19

P
Lo T8 6o
l,s P1,3 P1‘;5

h+

Nel,s 81,8

y Nads

temperatures can be rewitten 8s

( )(22)

ey g (b7 (%:—:—ﬂ[ g ()
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Substitution for Tl,s/Ts,r from equation (19) £inally gives

T6 8 _ B (7_1) U2 2-r1 2-1‘0 9
E—*—- 1 5 + (29)
1,8 78RT) g\ T1 To

The ot her performence paraneters ecam be obtained as follows:
Ps,s [ P5 \(Fs,r\ (Fe,r\ [ Ps
. =L - (30)
1,8 \F1,s/\ 23/ \Ps,r/ \Fe,r
P P 3
Pt = (35 : >< 6’B> (31)
1,8 1,8/ \ Ps '

T

1 - 6,8
I'1:'1 = (32)
Nag = y-1
Y
(Pl, )
hp = 2= R T 1 - EQLE'W (_l_)
P ¥-1 1,8 'I'l 550
2
T™ R T 6
1491,5 51,5 l,s l’s

TYPICAL EXAMPLE OF METHOD

As an example of the use of the nethod and of the results that
can be obtained, the performsnce for the turbine of 8 commer clal
aircraft gas-turbine engine will be calculated and the calculated
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performance will be compared with the experinental. The geometrical
properties of the turbine are ssfoll ows:

A2 =0.852 square f eet a = 82°
Ag = 1.26 square feet B = 24°
D = 1.833 feet o = 47°

The valhes of C, K, and y for this exanple are assumed as
follows:

C=0.98
K= 0.30
7s’=1'33

7 =134

With t hese values the nethod ia 8sfol | ows:
(8) Assume 1):.:,/'?:5,s and U/ /vel,s

(b) Pind bz from figure 2 and Vz from figure 3.

* 1l
(0) PS/P]_,B = pS/PS’g QE

(a) 1= P3/P3->— 0.539, Pz/Pg,E = P5/P3’5;

it P3/Pz g <0.539, pp/Py o = 0.539.

(e) Find b2 from figure 2. 1

2
(f) X2 = [(Pz/Pz,g)l'sm = (Pg/Pz,s)l.752]
WAey . 1.842PF, T T
(&) —'ql‘g = 2 X,

8 NG by L

- Pz 0'24.8 2
(n) V3 of A1, = 117.6 [T (1 - (57—

3,

L30T
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(1)

()

(x)

(2)

(m)

(n)

(o)

(»)
(q)

()

(s)
(t)
(u)

e g -62 =Py

U/ N6y o
vS,s/ Af1,s #1n ap g

2 f2-1r
1 U 1
TSr/Tls=1-<—— )( )
’ 2 116.3 M— r
Tl 8 1
3

Vg

1‘13

21

v
L 5.8 % g [cos 24° + (1-1r) tan dp g SiN Am 24°|

}\Jel,s ’Vel,s

L v, \Bm J|3ea
P3/Py,r = |2 (116.3 ) T

Tl,s 3,r

Find a; from figure 2 and eassume bg.

T oL ‘“\fﬁs( )(1’15 25 \ /b5 (@)
5 265 T 8 g Pe,r/\%¢/) \ PO
Find pg/Pg , from figure 6.

Find bg from figure 2 and check with assumed bg.

Pg s,

>
If ps/Pg > 0.537, Po.m " Tor
T

assume Pslps,r < 0. 537.

< \0-254]3
Vo, NTs, = 116.3 1-(%1)

Find Vg from figure 3 end bg from figure 2.

Cp = 47 - Vg
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2L = gin Op

TS,I‘ ‘Vel,r
2 /mp 2
1 U 1,8 To
(w) Ts,a/Ts,r =1-I9763 ’—- (Ts, )( ro)
Tl,a ’B

B 3
1 (=1 _Yeur . o
116.3 £

3,r

2
1 - ( 1 [
L 116.5 Nf‘f e)
The perf ormance paraneters are:

2 /2.y 2-r
Ts,s/Tl,s 1 (116.3 ( ry M ro)
MTI 8

L

3.941

(x) Ps,s/Ps =

PsﬁPl,g = (ps/?l’a) (P4,r/P3) (84/b6) (Ps/Ps’r)

PG,Q/P],B- (pG/Pl,B) (PS,B/pG)
l- (TGJS/T;LB)

0.251

Fg %)

1 - ==
P1,3

Nag =

WS, - L
—B . o.3628 '1'0/3 Tz 1)‘_3—‘"
Ney,s 81,8 \ 1,8 1,8

A sumnary of the calculations is given in table |.
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For step fr), it is necessary to £ind the val ue of U/ m
for which pg/Pg y = 0.537, that is, for which the rotor is choked
and Xs5;-- . ' This value ¢an be found most sinply by
plotting X5 against v/ :\‘61 s (fig. 7) and finding the val ue
of U/ W61 s that eorresponds to X5 = 0.241.

Becauss the final performance parameters are to be cbtained as
Punetlons of Py, s/bg for tonstant U/ p[el gy it is desirable to

have the c‘hoking values of U/ 4)93_ g correspond to the initially
chosen values of U/ ;{91 g This cbrrespondence can be accomplished

by plotting the choking Talues of u/ Mel s against p3/P3 -
(fig. 8) and finding the val ues of p3/P3 g that correspond to the

desired values of U/ 4]91,5.

From figure 8, the rotor-choking values of ps/P;_r, g that
correspond t-6 values of U/ ﬁ]el g Of 455 and 638 are 0.5245 and 0.5650,

respectively. The performance calculaticns for these val ues
of p3/P3 g are summarized in table II.

The performance odurves of Figure 9 are plotted fram the values
in tables I and II.

DISCUSSION OF PERFORMARCE CURVES
Trends O Calculated Performance

Choking of t he turbine, in either the stator or the rotor, is
one ¢ ‘the nost important Pactors affecting turbi ne performance.
The conditions for stator and rotor choki ng are obtained from
table II Por the turbine of the typlcal exsmpls and are given in
Tigure 10. The turbine pressure ratlc at which the stator chokes
increasens with increasing rotor-#psed parameter whereas t he pres-
sure ¥atlo For rotor choking is almost Independent of the speed
parameter. For values of the rotor-speed paremeter greater t han
525 the a'ta.‘bor oamno't choke.

Ancther important comslderation is the wveriation of inlet and
outl et veloelty ratios. These ratlos determine the rotor emnbtry-
and exit-whirl losees jnd affect nminly t he adisbatic efficiency.
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When the fluid enters the rotor at the bl ade entrance angle, t he
inlet veloaity ratio from equation (17) 1s

(o]
ry =1-.t.a.nA=0.763
tan 62°

For exial outlet veloecity (that ias, no whirl), the outlet veloaity
ratio r, 1s equal to 1.00. Ase 1s shown in figure 11, the speed
parameter and preasure rati o for which both of these conditioms are
satisfied are 636 and 2.55, respectively.

The variation of the tenperature-rati o parameter with turbine
pressure rati o is shown in figure 9(a). The tenperature-ratio
paraneter is directly proportlonal to the chenge ofthe whirl
conponent of the fluid as 1t passes through the rotor. For turbine
pressure rati 08 | ee8 than the pressure rati o f or rotor choking
(fig. 10), both the entering and leaving whir| components increase
with pressure ratio. For turbine pressure ratios greater than the
rotor-choking pressure ratio, however, the entering whirl component
is constant and, bhecause of the Jet deflection, the |eaving whirl
component 1g maintained almost constant even though the exit
veloclity Increases with increasing preeeure ratio. Hence for any
gi ven rotor-speed paraneter, the temperature-ratio paraneter
increases with increasing turbine pressure ratio until the rotor
chokes. Atpressure ratios hi gher than choking, t he temperature-
ratio paraneter renains relatively constant.

The total-pressure ratio (fig. 9(b)) is a function mainly of
t he turbi ne pressure ratio, the rotor-speed paraneter having a very
smell effect. |t should be renenbered that for this analysis the
downstream t ot al pressure Pgs ha8 been obtai ned from the axial
component on the downstream velocity rather than the total down-
stream vel oaity.

The adiabatloc efficiency given in figure 9(a) is al so dependent
on the definition of downstream total preeeure. The greatest
efficiency 1s obtained for a speed parameter of 636 and a preeeure
rati o of approximately 2.55, which 1e in aaaordanae with the
previous discussion of the effect of the veloaity ratiocs on adia-
batlc ef fiai enay.

. The weight-flow paraneter (fig. 9(d)) increases with turbine
pressure ratio until the turbine ahokes, and then remains constant.
For the two highest speed parameter6 (636 and 546), the welght flow
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islimted by rotor ahoking, whereas for lower speed parameters the

wolght flow is limited by stator choking. The greatest weight flow

is slightly | ess for rotor-choking speed parameters than for stator-
ahoki ng speed parameters.

The variation of the horsepower paraneter is shown in fig-
ure 9(e). The horsepower parameber is proportional to the product
of the tenperature-rati o parameter and the wei ght-fl ow parameter,
both of which increase with turbine pressure ratio for pressure
ratios | ess than 2. Far preasure rati os between 2 and 3, the
temperature-ratio parameter continues to increase but the welght-
fl ow parameter i s almost constant so that the horsepower parameter
continues to inarease, though not 80 rapidly as for pressure ratios
less than 2. For pressure ratios greater than 3, the weight-flow
paraneter is oonstant, t he temperature-ratioc parameter is almost
constant, and t he horsepower parameter 1ls almost constant.

The effect Of the choice of the blading-loss parameter K on
t he performance parameters is shown in figure 12. The effeat can
be seen to comsistmainly of a wvertieal shifting of the curves,
each curve retalning its general shape independently of the blading-
1088 paraneter. For a given turbine pressure ratio, ineressing
t he bleding-loss parameter by 0.1 results in an lncrease in the
total-pressure ratio of approximately 0.5 percent and a decrease
in the temperature-ratio perameter and the adi abati c effliciency of
epproximately 2. 0 percent.

Coanparison wit h Experimental Results

The +turbine of +the typlcal exsmple has heen operated at the
RACA lewis leboratory as a part of a gas~turbine engine and
t he resulting data have been used to obtain the turbine perform-
ance paraneters. The variation of tenperature-ratio paramneter
and edisbatic efficlency with rotor-speed parameter i s presented
in figure 13 for velues of the turbine total-pressure ratio
ranging fram 1.7 to 2. 34. Curves of calculated performence are
al so presented for waluee of the bl adi ng-1oss parameter X of
0.3%and 0.5. In general, the temperature-ratlo-perameter com-
parison indicates & bl adi ng-| oss parameter of about 0. 3 except
at a pressurerati o of 2.34 where the bl adi ng-| oss parameter
ghows some | narease. The trend of the efficiency comperison 1s
toward a blading-loss paremeter somewhat higher then 0.3, but
in general less than 0.5. The trend of a higher indicated
bl adi ng- | oss persmeter on the basis of the efflclency comparison
is probably due to the additional error involved in the use of an
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experimentally determined pressure rati o to calculate the measured
efficlency. The importance of additional Investigatlions of condi-
tions that influence t he bl sding-| ose parameter is clearly evident
inmsmuch as the degree of agreement between theory and experinent
is contingent cm the proper ahoiae of this paraneter. For the
turbine investigated, a bl sdi ng-| ose parameter of 0.5 woul d be
slightly higher tham the experinents indicate and the complete
engi ne would actually perform somewhat better than would be

predi cted by a theoretical matching st udy.

CONCLUSIONS

From a theoretical investigation of the performance of the
turbi ne component of a cammercisl aircraft gas-turbine engine and
a comparison of the performance calculated by means of the
anelytical method and t he experimental performsnce, it i s concluded
t hat : ‘

1. For the turbine of the typical example, the assumed pres-
sure losses and turming angles gi ve a calculated performance t hat
represents the trends of the experimemtal performance with
reasonable acouracy.

2. The sgreement between analytical performance and experi-
mental performence is contingent upon the proper selection of
blading-loss parameter. The experimental data indicate that for
the turbine of the typical example the bl sding-|ose paraneter
varied from 0.3 t0 0.5 for most of the range investigated.

3. The net hods of anal ysis shoul d be applicable to any t urbi ne
wi t h reasongbly well desi gned blading, al t hough the same coeffi-
ciemt wi || not necesearily apply. For turbines with poor blading
design, t he pressure losses and the turning angles will be
difficult to evalnate and t he Wnds, as well as t he magnitudes of
t he calculated performance, may be incorrect.

Lewis Flight Propul si on Laboratory,
National Advi sory Committee for Aercmautics,
Cleveland, Ohi 0.
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APPENDIX A
BLADE FRICTION LOSSES

The loss in totel pressure due bo friction effects that occur
when a fluid pesses through & cascade depends on the deslign of the
particular cascade, on the Reynolds mmiber, and on the average
dynamic head in the cascade. For a particuler cascade, however, t he
effect of & change in the Reynolds mmber ceused by a change in oper-
eting conditions should be small even for a reasonably wide range Of
oper ati ngconditions. The loss can therefore be spproximeted by

2(7-1 1
e K22 £ (20 79 (=)
where K 1g a constant for the perticular cascade and %p ¥ is
the average dynamic head 1n the cascade.

From equations (5), (6), and (7)

ol s
pevedadi-(8) [®)

The average dynamic head in the cascade of figure )l is then epproxi-
mately

1 %l L 7=
v4
@ [@) @ @) @
™he pressure loss then becomes
1 2=l L 2=1
4

APjoss = PpPe = K By (%)7 1 ’(%) + P %)7 l'('r?':') ’

P, 8 =P, b (38)
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wher e - e
w7 | o\
a=1- K(l-;;) 1- (1_’_b) (37)
- -
if pim !
D=1+ x@%)y 1 -(%2—).7

The variation of the blading-loss parameter with the ratlio of
static~to-total pressure for several values of K i s shown in fig-

ure 2.
For the sbator tie entrance velocity i s small; then
a ®1
and equation (36) becomes
P1,s = P3,5 P3
For the rotor, equation (36) becomes

Py,r 24 = Pg,r Pg

+
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APPENDIX B
JET DEFLECTIQN

The expansion of & uniform, two-dimensional, frictlonless streanm
of gas flowing around a corner &t sonlic or supersonic speeds has been

i nvestigated by Prandtl and Meyer. The analysisof reference 6 shows
that t he Jet defl ection is given by

V=x -y (z8)
pda

@-)7 =-?T::_'T(1+cos 24%:) (39)

‘

tan g 2% ton ({EE =) (4o

where v is the angle of jet deflection and p/ P is the ratio of
static-to-tobal pressure in the reglon beyond the trailing edge. For
the purpose of this discussion, x and y can be regarded as para-
meters. A value 1s assumed fOr x, the concepts p/P and y are
conputed from equations (39) and (40), respectively, and v is

obtained from equation (38). Then v i S known as a function of p/P.
(See fig. 3.) .
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Jet deflection, V', Yeg

~w AN

0 - N
-30 055 oh-o oh.s '50 '55
Pressure ratio, p/P

Figure 3. = Variation of jet deflection with ratio of
statio-to-total pressure in region beyond blade exit.

Y = 1.34.
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Pressure-ratio function, X
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Figure 9. = Perfornmance parameters for turbine of typical exanple
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Adiabatic efficlency, N4
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Figure 9. = Conti nued. Performance paranmeters for turbine of
typical exanple.
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Rotor-speed parameter, U/\R

NACA RM No. EBI 16

720
60
Rot or
choked —
560
Loo ///
%Stator /
choked
320 /
/ !
=N /
o 1
2 1.0 15 2.0 2.5 3.0
Tur bi ne pressure ratio,Pl,,/pg
Figure 10. - Conditions for turbine chokling in

turbine of typical exanple.

f = Nn_QR

K = 0.3;
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Figure 13. - Conparison between theoretlcal and experinental
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Adiabatic efficlency, 74
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